We have found and characterized by angle-resolved photoelectron spectroscopy (ARPES) quasione dimensional spin-split states in chain-like surface alloys formed by large Z elements (Bi and Pb) at the Cu(110) surface. The ARPES results are supported by first-principles relativistic calculations, which also confirm the spin polarization of these states, characteristic of the Rashba-Bychkov effect. The Fermi surface contours are open, but warped, as a result of the interaction with the bulk Cu conduction band. This interaction introduces a k dependence of the spin splitting perpendicular to the chains direction. We have also investigated the influence of the atomic spin-orbit parameter in substitutional isostructural Bi1−xPbx overlayers, and found that the magnitude of the spin splitting can be continuously tuned as a function of stoichiometry.
the magnitude of the effective SOC, as previously proposed for BiAg 2 [25] .
II. EXPERIMENT

Cu(110) was cleaned by repeated sputtering (with Ar
+ at 300 K, 1keV for 30 minutes) and annealing cycles (900 K for 25 minutes). The quality of the surface was verified by low energy electron diffraction (LEED), which yielded sharp (1×1) spots. Bi and Pb were evaporated (co-evaporated in the case of the mixed alloy) on the substrate kept at room temperature from a commercial EFM3 Omicron evaporator. For both kinds of ad-atoms, a 0.5 ML coverage yields a p(2 × 2) reconstruction. In the case of Bi, for higher coverage (∼ 0.75 M L) the p(4 × 1) reconstruction is formed, in agreement with the literature [33] . The phase diagram for the Pb case is more complicate, and several phases with various p(n × 1) periodicities were observed, again in agreement with the literature [34] . We consider here the higher coverage p(5 × 1) phase, at ∼ 0.8 M L. The relative Bi and Pb content in the mixed alloy was determined from the intensity ratio of the 5d core levels measured by photoemission. The structural quality of the surface alloy improved after a mild post-annealing at 500 K. ARPES measurements were performed with a hemispherical SPECS 150 Phoibos analyzer and a high brightness Gammadata VUV 5000 lamp operating at the HeIα (21.2 eV) (HeIIβ at 48.1 eV for the core levels). All measurements were performed at liquid nitrogen temperature, with the angular and energy resolution set respectively to 0.2
• and 10 meV.
III. ELECTRONIC STRUCTURE CALCULATION
The calculations have been performed within density functional theory (DFT) in the generalized gradient approximation (GGA) [40] . We used the full-potential linearized augmented planewave method implemented in the Fleur code [41] . The Bi/Cu(110) p(1 × 4) surface was simulated by a symmetric film consisting of 11 (for the bandstructures: 23) Cu(110) layers covered with Bi according to the model of Lottermoser et al. [33] . The planewave cutoff (k max ) and muffin-tin radii (R MT ) are chosen to yield R MT k max = 8.5. The atomic positions were relaxed until all forces were smaller than 26 meV/Å. The resulting structure compares well with the experimental data, e.g. the buckling within the Bi layer and the lateral shifts are reproduced within 1-2 %. Only the Cu-Bi distances are overestimated, as schematics of the surface structure from Ref. [33] . The white rectangle is the surface unit cell. The Bi atoms in substitutional sites form parallel chains, characterized by a large buckling (∆z = 0.7Å) with respect to the neighboring Cu atoms. (c) Measured and and (d) calculated band dispersion parallel to the chains ΓY direction. Blue and red markers indicate opposite values of the spin polarization, perpendicular to the wave vector, and the size of the markers is proportional to the weight of the corresponding state at the interface between the film and the vacuum. A pair of spin split surface states (labelled Bi1 and Bi2) disperse with negative effective mass.
GGA tends to overestimate the atomic volume of Bi. Spin-orbit coupling was taken into account self-consistently [42] , having only a minor influence on the structure, while the electronic structure is substantially affected, in particular states near the surface.
IV. ELECTRONIC PROPERTIES OF BI/CU(110) p(4 × 1)
Figure 1 (a) shows a LEED image of the Bi/Cu(110) p(4 × 1) interface. Black squares identify the (0,1) and (1,1) diffraction spots of the substrate. Figure 1 (b) displays a schematic model of the Bi/Cu(110) interface, determined by surface x-ray diffraction [33] . The surface unit cell (white rectangle) contains two inequivalent Bi atoms. The first, at the corner of the cell, occupies a substitutional site in the topmost Cu layer, as shown in the bottom panel of Figure 1 (b). By analogy with the Bi/Ag(111) (
• system, this is the atom involved in the formation of the surface alloy [15] . The alloyed Bi atoms form parallel rows along the [001] direction, as also reported by an STM study of the related Pb/Cu(110) p(n× 1) interfaces [34] . Hereafter we refer to them as Bi chains. The spacing between adjacent chains is 1.02 nm. Interestingly, the chains are buckled, with the Bi atom higher by ∆z = 0.7Å with respect to the neighboring Cu atoms [33] . This value is comparable the buckling of the (Bi, Pb) atoms in the surface alloys formed at the (111) surfaces of Ag and Cu [27] . This confirms the quasi-1D electronic character of the spin-split states. The Fermi contour of Bi1 suddenly loses intensity outside the 1st BZ. A similar loss of intensity has been observed for states at the Au/Ge(001) c(8 × 2) interface, whose dispersion has been proposed to be 1 dimensional [44] , even though the reduced dimensionality of these states has not been fully confirmed and it is still subject of investigations [45] . Bi2 also becomes weaker, but can still be traced outside the 1st BZ. The contours are clearly not straight, as in an ideal 1D system, but warped. In quasi-1D materials, warping of the Fermi surface is indicative of transverse -2D or 3D -coupling [46] . An interaction between the Bi chains, mediated by the Cu substrate, cannot be excluded here, but a closer inspection of the data suggests that the warping may have a different origin. First of all, the Bi1 and Bi2 contours do not really follow the (4 × 1) periodicity of the overlayer in the ΓX direction, perpendicular to the chains. Moreover, spectral weight is transferred between the Cu sp bulk band and the Bi-derived states in the region of closest approach, around the ΓY line. The Bi1 and Bi2 contours appear to be "squeezed" towards the center of the BZ, more so than in the following BZs, where the distance from the Cu band is larger. This effect of transfer of spectral weight between the Brillouin-zones is, as far the Cu bulk band is concerned, similar to the effect in commensurately modulated structures [47] , affecting Bi states through the interaction with the substrate bands. Moreover, also other Bi states are affected in this way: a third Bi-induced state (purple line), labelled Bi3, is observed in the second and third BZ. Its contour is also open, but strongly warped. The origin of the Bi 3 state can be fully understood by a deeper looking into the calculated band-structure shown in a wider energy and momentum range in Fig.2(f) . The previously discussed Rashba-type spin split Bi(1,2) states reach their maximum at 1.3 eV around the Γ point. Above these, another pair of Bi p-states disperse with negative effective mass, reaching their maximum binding energy at 1.85 eV and crossing at the Γ point. This resembles the situation in the BiCu 2 surface alloy on Cu(111) [17] (or, similarly, the BiAg 2 alloy [15] ), also as far as the different spin-texture is concerned. This pair of states hybridizes strongly with the Cu states and it is more difficult to follow their dispersion in the calculation, but an attempt to fit their dispersion results in the purple lines, crossing the Fermi level at k-vectors ∼ 0.4Å −1 . Hence, we attribute the experimentally observed Bi 3 peak to one of these additional Bi-induced states.
Figure 2 (d) shows the band dispersion parallel to the Bi chains, in the 1st BZ, on a broader energy range than Fig. 1 (b) . The interaction with the substrate bulk states is further confirmed by the opening of a hybridization gap in the region enclosed by the black rectangle, near −1.3 eV. This is consistent with the calculated band structure of Fig. 1 (d) , which exhibits gaps in the Bi1 and Bi2 dispersion at avoided crossings with the bulk states. Figure 2 (e) and (g) display respectively the measured and calculated dispersion of the one-dimensional states at the border of the first BZ, along the XS. The measured spin splitting is larger at the zone boundary than at the zone center. Figure 2 (c) displays momentum distribution curves (MDCs) measured at E = E F along the XS high symmetry direction (red line) and along the ΓY chain direction, in the first (black dashed line) and second (4 × 1) BZ (black continuous line). The Fermi wave vectors of Bi1 and Bi2, determined by the peak positions (tick marks), are different at the center and at the border of the BZ, and they also vary between the different BZs. The momentum separation of the two subbands is also different. In the 2nd BZ ∆k = 0.067 ± 0.05Å −1 is ∼40% larger than the corresponding value in the 1st BZ, and also larger than the spin splitting reported at the Bi(111) surface [11, 15] . The spin splitting is even larger when measured at the border of the BZ, where ∆k = 0.075 ± 0.05Å −1 . It is comparable with the giant spin splitting of the Bi x Pb 1−x Ag 2 surface alloys [48] . Therefore, the strength of the Rashba effect as extracted from the ARPES data is dependent on the interaction with the substrate. The spin-split states are surface resonance with substrate states whose spectral weight varies in the different Brillouin zones, owing to matrix element effect. As a result, for example, the Bi1 spectral weight fades out near the 1st BZ zone boundary. Therefore, even if the spin-splitting remains in principle constant with k ⊥ , it can appear different in the different Brillouin zone. An additional small variation of the spin splitting between the center zone and the zone boundary arises also from the deviation from a perfectly one-dimensional state.
V. ELECTRONIC PROPERTIES OF PB/CU(110) p(5 × 1) AND OF THE MIXED SURFACE ALLOY
The contribution of the atomic SOC to the large Rashba splitting discussed in the previous section can be assessed by substituting bismuth by lead. Pb is an ideal choice because: i) it has a large atomic SOC; and ii) the atomic radii of Bi and Pb are quite close (3.1Å for the Bi -Bi distance [33] and 2.9Å for the Pb -Pb distance [49] ), resulting in a very similar surface reconstruction. The phase diagram of the Pb-Cu(110) interface is complex in the sub-monolayer (ML) coverage range [34, [50] [51] [52] . Similarly to the case of Bi, a c(2 × 2) superstructure is formed at ∼ 0.5 ML coverage. For larger coverages, several 1D p(n × 1) phases are found, with different values of the interchain spacing. They arise from the substitution of every n-th row of Cu with Pb atoms, similarly to the case of the Bi/Cu(110) p(4 × 1) interface shown schematically in Fig. 1 (b) . We report here ARPES results for the p(5 × 1) phase. and k F 2 = ±0.28Å −1 , and the splitting measured in the 1st BZ is ∆k = 2k 0 = 0.029Å −1 . The larger k F values with respect to the Bi/Cu(110) p(4 × 1) case reflect the different band filling for the 4 (5) valence electrons of Pb (Bi), in a rigid band scenario. The spin-splitting is reduced by a factor 1.7, to be compared with the ratio of 1.37 of the atomic SOC in Bi and Pb. A similar reduction was observed for the BiAg 2 and PbAg 2 surface alloys [48, 53] . It shows that the atomic SOC is certainly an important factor, but certainly not the only element determining the strength of the 1D Rashba effect, which is the result of a complex interplay between atomic and structural parameters, similar to the case of the 2D surface alloys. Figure 3 (b) shows an ARPES Fermi contour, to be compared with Fig.2 (a) . Blue dashed rectangles define the p(5 × 1) BZs. The closed contour (green) outlines the FS of the bulk Cu sp conduction band. The Pb1 and Pb2 spin-split states (indicated by color arrows) and a third Pb derived band (Pb3), exhibit open contours. Similarly to the Bi case, the contours are warped, and the two spin-split states rapidly lose intensity beyond the 1st BZ. Again, this can be seen as the result of the interaction of the 1D interface states with the substrate. The concavity of the third Pb derived band, Pb3, is opposite to that of the spin-split states, in agreement with the Bi case.
We investigated in detail the 1D Pb-derived states in the 3rd (5 × 1) BZ, where the interaction with the substrate is weakest. In Fig. 3 (c) the contour of Pb2 is more clearly resolved. The 2D warping at the Fermi level is ±0.05Å −1 , with a 15% modulation of the k F value. These values are larger than the corresponding values for the Bi case (±0.03 A −1 and 10%). Since the interchain distance in the p(5 × 1) phase is 25% larger (1.27 nm vs. 1.02 nm), we conclude again that the overlayer-substrate interaction, rather than the transverse interchain coupling, is the main cause for the warping of the 1D FS. Figure 3 (d-f) display MDCs measured at E = E F along the ΓY direction in the three different BZs. Color ticks mark the Fermi wave vectors of the various bands. The position of Pb1 is hardly detectable in the higher order BZs, where Pb3 acquires larger spectral weight. In the 2nd BZ (e) in particular it is difficult to resolve Pb3 from Pb2, since the two almost merge as it is visible also in panel (b), but the two are better visualized in the 3rd BZ in panels (c) and (f).
The possibility to manipulate the electronic properties of the p(n × 1) phase was explored in the mixed Bi 1−x Pb x /Cu(110) surface alloy. The similar atomic radii and the comparable surface free energies result in similar surface reconstructions, and thus enabled us to study the whole range of stoichiometries between x = 0 and x = 1. Figure 4 (a) shows momentum distribution curves (MDCs) measured at E F along ΓY in the 1st BZ. The spectra are vertically offset for clarity, with the pure Bi/Cu(110) (Pb/Cu(110)) at the bottom (top). The MDCs clearly indicate that the increasing of x induces a continuous rigid shift in binding energy of the surface states and a reduction of the spin splitting. Figure 4 (b) and (c) shows the Bi and Pb 5d 5/2 core level spectra used to determine the relative concentration of Bi and Pb. To be more quantitative, we fitted each MDC by two Lorentzian doublets (one on each side of k = 0), describing the spin branches, and a background to account for contribution of the Cu sp band. The peak positions of the Lorentzians, corresponding to k F 1 (outer branch) and k F 2 (inner branch), are shown in Figure 4 (e) as a function of x and the dashed lines are guides to the eye. The difference between each pair of k F values defines the spin-splitting, shown in panel (d). A clear reduction of ∆k = 2k 0 is observed with increasing Pb content.
VI. IV. CONCLUSION
In summary, we have found and characterized by ARPES one dimensional spin-split surface states at the Bi/Cu(110) p(4 × 1) and Pb/Cu(110) p(5 × 1) interfaces. The experimental findings are supported by DFT calculations including spin-orbit coupling effects. The quasi-1D electronic character of these states reflects the structurally 1D character of parallel chains formed by Bi atoms in substitutional sites. The large buckling of the Bi atoms with respect to the substrate is a common element with the 2D alloys grown on the (111)-terminated surface of Ag and Cu [27] . The k splitting is larger than the values reported for the surface states of Au(111) [8] and Bi(111) [11] , and it is comparable with the giant spin splitting observed in the Ag(111) surface alloys [15] [16] [17] 48] . Furthermore, we observe a difference in the spin splitting going from the first to higher-order Brillouin zones. This is interpreted as a consequence of the hybridization between the 1D interface states and the bulk continuum. It suggests that the measured large spin splitting strongly depends on the properties of the surface state wavefunctions and their interaction with the substrate.
We have addressed the role of the atomic SOC in defining the magnitude of the spin splitting by substituting Bi with Pb. We investigated the Pb/Cu(110) p(5 × 1) interface, and we report a reduction of the spin splitting equal to ∼ 1.7, which is larger than the ratio between the atomic SOC (∼ 1.37). This indicates that also in these one dimensional surface alloys the surface structure, namely the buckling of the heavy atoms in substitutional site, plays an important role in determining the value of the spin splitting.
A complementary point of view would consist in measuring the evolution of the spin splitting for the different Pb p(n × 1) interfaces, in order to quantify the role played by the surface structure. The Pb/Cu(110) system might play an important role in isolating the structural influence (namely the buckling ∆z) on the spin splitting, without need to change the adsorbed atom but simply by modifying n. A systematic combined high resolution ARPES and structural (XRD, or XPD or IV-LEED) investigation would be desirable.
